We study the formation of first molecules, negative Hydrogen ions and molecular ions in model of the Universe with cosmological constant and cold dark matter. The cosmological recombination is described in the framework of modified model of the effective 3-level atom, while the kinetics of chemical reactions in the framework of the minimal model for Hydrogen, Deuterium and Helium. It is found that the uncertainties of molecular abundances caused by the inaccuracies of computation of cosmological recombination are about 2-3%. The uncertainties of values of cosmological parameters affect the abundances of molecules, negative Hydrogen ions and molecular ions at the level of up to 2%. In the absence of cosmological reionization at redshift z = 10 the ratios of abundances to the Hydrogen one are 3.08×10 −13 for H − , 2.37×10 −6 for H 2 , 1.26×10 −13 for H + 2 , 1.12×10 −9 for HD and 8.54 × 10 −14 for HeH + .
Introduction
At the early stages of evolution of the Universe (z ∼ 10 4 ) all atoms of Hydrogen, Deuterium, Helium and Lithium are fully ionized by the thermal radiation (for details see [18, 30, 31] ). After emergence of the neutral atoms formation of the first molecules begins. This process is widely studied (in particular, [8, 9, 10, 11, 13, 16, 19, 22, 26, 25, 32, 33] ) because of its importance for cooling of the gas clouds from which the first luminous objects have formed.
For calculation of the evolution of number densities of the first molecules it is important to know precisely the evolution of number densities of the ionized fractions during the cosmological recombination. Most often both recombination and formation of the first molecules are described by the equations of chemical kinetics with the analytical approximations for reaction rates (e. g., [8, 33] ). This approach allows to do fast computations but is insufficiently accurate. Another method is based on taking into account accurately the transitions in multilevel atoms both for recombination and formation of molecules (e. g. [3] ). Its sufficient weakness is the slowness of computations. For the fastest computation of evolution of the number densities of neutral atoms and ions of Hydrogen and Helium during the cosmological recombination with the accuracy comparable to the model of multilevel atom the modified model of effective 3-level atom [30, 31] has been proposed. For study of the first molecules formation it was used e. g. in [12, 28] .
To test cosmological models with the Planck satellite data the fast computation of free electrons number density in the Universe with the uncertainty no more than few tenths of a percent is necessary. To obtain such precision the model of effective N-level atom has been developed and the codes HyREC [2] and CosmoRec [6] have been created. As an alternative the modified model of effective 3-level atom has been complemented [29, 34] .
The goal of this work is to investigate formation of the primordial molecules, negative Hydrogen ions and molecular ions in the framework of modified model of the effective 3-level atom for cosmological recombination and the minimal model for kinetics of chemical reactions, and to study the effect of accuracy of the cosmological recombination description and the cosmological parameter values on it. We restrict ourselves to the cosmological ΛCDM model and neglect the reionization of medium.
Evolution equations for the number densities of chemical species in the Universe
After the beginning of recombination the primordial medium consists of neutral atoms, ions and molecules of Hydrogen, Deuterium, Helium and Lithium, photons of the thermal background radiation and cold dark matter particles. We consider the last ones to be stable and interacting only via gravitation and maybe weak force, thus they have no effect on the kinetics of recombination and dissociation of atoms and molecules. Number densities of these components are determined by the characteristic for them chemical reactions, the number densities of reactants and the reaction rates depending on the temperature of matter and radiation in the medium. The kinetics of chemical reactions is described by the equations [8, 22, 33] :
where k mn -reaction rates for the reactants m and n; fm is f He = n He /n H for reactants m containing Helium, f D = n D /n H for reactants m containing Deuterium and f H = n H /n H ≡ 1 for reactants m containing only Hydrogen. For chemical species containing only Hydrogen the abundance is x m = n m /n H , where n m is the number density of species m, n H is the total number density of Hydrogen; for species containing Deuterium, Helium and Lithium x m = n m /n D , x m = n m /n He and x m = n m /n Li , where n D , n He and n Li are the total number densities of Deuterium, Helium and Lithium.
In the Universe with Friedmann-Robertson-Walker metric it is convenient to replace the time derivatives by the derivatives with respect to the redshift as:
where H ≡ (da/dt)/a is the Hubble parameter.
We should note that we do not consider the energy exchange between the matter and radiation via the functions of molecular cooling and heating, because due to the small number densities of the primordial molecules in the homogeneous Universe this has no significant effect on evolution of the matter temperature [12, 23, 24 ].
Minimal model of chemical reactions in the primordial medium
Chemical processes in the primordial medium containing Hydrogen, Deuterium, Helium and Lithium are described by the full model [8] consisting of 87 reactions. However, in the study of kinetics of primordial molecules formation we use the minimal model [8] which is somewhat simplified but is sufficient for the correct computation of the number densities of chemical species.
The minimal model consists of 33 reactions: 10 for Hydrogen, 6 for Deuterium, 3 for Helium and 14 for Lithium. As the fractional abundance of Lithium is almost negligible (f Li ≡ n Li /n H ∼ 10 −10 ) and there are sufficient uncertainties in its determination and the chemical network without Lithium is closed, we restrict ourselves only to consideration of Hydrogen, Deuterium and Helium.
Chemical reactions of the minimal model for H, D and He are presented in the Table 1 . Reaction rates are taken from [8] , except for the rates of recombination and photoionization of Hydrogen and Helium. 
Cosmological recombination
In thermodynamic equilibrium the recombination of HeIII, HeII and HII is described by the Saha equations. At z ∼ 8000 HeIII begins to recombine. From the Saha equations for recombination of HeIII → HeII and HeII → HeI it is possible to obtain equation for the free electron fraction x e = n e /n H (Hydrogen and Deuterium are at this stage fully ionized):
where:
When the whole HeIII recombines to HeII, the Saha equations for recombination of HeII → HeI and HII → HI yield the following equation for x e (see also [1, 17] ): (3) where:
Hereafter we describe the Deuterium recombination similarly to the Hydrogen one. The real solutions of these cubic equations give the values of the relative number density of free electrons from which the abundances of ionized and neutral Hydrogen, Deuterium and Helium can be computed (see [1, 17] ).
It should be noted that at the stage of joint equilibrium recombination of HII and HeII the first molecules, negative and molecular ions begin to form, their abundances can be computed using the formulas from appendix A. These solutions set the initial conditions for integration of equations (1) at the stage of non-equilibrium recombination.
When the thermodynamic equilibrium breaks down, the modified model of effective 3-level atom [30] is used to describe the kinetics of non-equilibrium kinetics of recombination. The evolution of abundances of ionized Hydrogen and Helium is governed by the equations:
where the correction factors are:
,
Here we use the notation and values of the coefficients and atomic constants from [30, 31, 34] . The equation (4) and the first term in (5) constitute the basic modified model of effective 3-level atom proposed in [30, 31] (for a review see also [1] ). Further studies of the cosmological recombination, caused by the need to obtain the accuracy of the x e computation sufficient for testing of the cosmological models with the Planck satellite data, have led to the complementing of this model.
The full model of effective 3-level atom [34] takes into account additionally the full expression for escape probability for the singlet 2 1 p → 1 1 s transition of HeI, the effect of continuum opacity of Hydrogen on HeI singlet [14] , the recombination through the triplet 2 3 p → 1 1 s transition of HeI (the second term in (5)) and the the effect of continuum opacity of Hydrogen on it. For Hydrogen the additional correction function is applied to the term taking into account the reddening of Lyα-photons due to the expansion of the Universe [27] :
. This allows to fit the modified model of effective 3-level atom to the model of effective N-level atom.
The matter temperature T m is virtually equal to the radiation temperature T r down to z ∼ 850. The rate of change the temperature is described by the adiabatic cooling of radiation due to the expansion of the Universe:
Later, at redshifts z 850, the following equation for the rate of change of the matter temperature is used [30] :
To smooth the transition from (6) to (7) the correction [29] is applied.
The system of equations (4)- (7) is complemented by the equations for Deuterium recombination and for kinetics of chemical reactions (1).
Results and discussion
On basis of the code for computation of evolution of the relative number density of free electrons during the cosmological recombination using the modified model of effective 3-level atom recfast 1 (version 1.5.2) we developed the code for computation of the abundances of primordial negative Hydrogen ions and molecular ions H − , H Table 2 .
We see that the abundances of HII, DII, HeII and molecules, negative Hydrogen ions and molecular ions at the redshifts z = 1000, 100 and 10 exceed the corresponding values in [33] where the simplified description of cosmological recombination of Hydrogen, Deuterium and Helium was used.
Let us estimate the impact of accuracy of computation of the cosmological recombination on number densities of the primordial molecules. + at redshifts from 1000 to 10 and by no more than 3% for the molecule HD at redshifts from 100 to 10. When the full model is used only for Hydrogen and Deuterium and the basic one is used for Helium, the deviations of abundances do not exceed, as in previous case, 2% for H − , H + 2 , H 2 , HeH + and 3% for HD. If, conversely, the recombination of Helium is described in the framework of full model while the recombination of Hydrogen and Deuterium in the framework of basic model, the deviations are negligibly small for all molecules, negative Hydrogen ions and molecular ions at redshifts from 1000 to 10.
Let us now investigate the effect of values of cosmological parameters on the abundances of H − , H + 2 , H 2 , HD and HeH + after the cosmological recombination. Consider the ΛCDM models with the best-fit parameters obtained from: (1) Planck satellite data (year 2015) on CMB temperature fluctuations at all multipoles and polarization at low multipoles (Planck TT+lowP) [21] : Ω b h 2 = 0.02222, Ω c h 2 = 0.1197, Ω Λ = 0.685, h = 0.6731; (2) Planck satellite data (year 2013) on CMB temperature fluctuations at all multipoles and WMAP satellite 9-year data on polarization at low multipoles (Planck +WP) [20] : 1% in the case of model with the parameters Planck +WP at redshifts from 1000 to 10, for HD they do not exceed 0.4% at z > 300, 0.125% at z > 90 in the case of model with the parameters Planck TT+lowP and 1.5% at z > 300, 0.4% at z > 60 in the case of model with the parameters Planck +WP and are negligibly small at lower redshifts. [21] ) from the corresponding values in model with the same set of parameters and best-fit Helium fraction are up to ∼ 0.5% for H + 2 at z < 100 and not more than 0.2% for H − , H 2 , HD, HeH + at z < 1000. In the case of Deuterium fraction at either upper or lower limit of 1σ confidence range (f D = 2.801 × 10 −5 or f D = 2.424 × 10 −5 [21] ) and best-fit Helium fraction the corresponding deviations are negligible for all molecules, negative Hydrogen ions and molecular ions from the cosmological recombination epoch to redshift 10. For the models with both Deuterium and Helium fractions at either upper or lower limits of 1σ confidence ranges the deviations are up to ∼ 0.5% for H + 2 at redshifts lower than 100 and do not exceed 0.2% for other molecules, negative Hydrogen ions and molecular ions at redshifts lower than 1000. Deviations of the abundances in models with Deuterium and Helium fractions as well as cosmological parameters at either upper or lower limits of 1σ confidence ranges from the corresponding values in models with all best-fit parameters are up to 2% for H − , H + 2 , HeH + and do not exceed 0.6% for H 2 and HD at all z from 1000 to 10.
All previous computations have been done for the number of neutrino species N ef f = 3. However, from the Planck TT,TE,EE+lowP data it follows that N ef f = 2.99 ± 0.20. In case of the best-fit values of the cosmological parameters and Deuterium and Helium fractions the effect of deviation of the best-fit number of neutrino species from 3 on the abundances does not exceed 0.1% for all molecules, molecular ions and negative Hydrogen ions. In case of the number of neutrino species at either upper or lower limit of 1σ confidence range the corresponding deviations of abundances are up to 0.3%. The deviations of abundances in the models with number of neutrino species, Deuterium and Helium fractions and cosmological parameters at either upper or lower limits of 1σ confidence ranges from the corresponding values in the model with best-fit cosmological parameters, Deuterium and Helium fractions and N ef f = 3 do not exceed 2.3% for H − , H + 2 and HeH + and 0.6% for H 2 and HD at all redshifts from 1000 to 10. Let us consider now the models with non-standard number of neutrino species. In the case of N ef f = 4 (1 additional neutrino species) the deviations of abundances from the corresponding values in the model with best-fit cosmological parameters and fractions of Deuterium and Helium do not exceed 1.2% for H − , H + 2 and HeH + , 1.1% for HD and 0.65% for H 2 at z from 1000 to 10. In the case of N ef f = 5 (2 additional neutrino species) the deviations of abundances do not exceed 2.4% for H − and H 2 +, 2.3% for HeH + , 2.2% for HD and 1.2% for H 2 , while in the case of N ef f = 6 (3 additional neutrino species) -3.5% for H − and H 2 +, 3.4% for HeH + , 3.2% for HD and 1.8% for H 2 correspondingly.
Let us discuss now how the number densities of first molecules can be affected by taking into account the chemical reactions that are not included in the minimal model. For example along with the reactions (H5), (H10), (H15), (D8) and (D10) defining the number densities of molecules H 2 and HD in the minimal model let us consider the following reactions:
• (AH2) H 2 + γ → H + H (direct photodissociation, reaction rate from [4] for Lyman system),
• (AH3) H 2 + γ → H + H (direct photodissociation, reaction rate from [4] for Werner system),
• (AH4) H 2 + γ → H + H (indirect photodissociation -Solomon process,reaction rate from [5] ),
• (AD1) HD + H → H + H + D (reaction rate from [5] -similarly to [10] we use for this process the reaction rate (AH1)),
• (AD2) HD + γ → H + D (direct photodissociation, reaction rate from [4] for Lyman system),
• (AD3) HD + γ → H + D (direct photodissociation, reaction rate from [4] for Werner system).
The contributions of these reactions to the changes of number densities of H 2 and HD are presented in the Table 3 . We see that the contributions of reactions (H10) Table 1 and the additional reactions not included in the minimal model to the redshift change of number densities of the molecules H 2 and HD. For collisional processes: k ij x i x j , for radiation ones: k iγ x i . Contributions of the reactions for HD are multiplied by f D .
Reactions z = 1000 z = 900 z = 800 z = 700 z = 600 z = 500 (H5) 3.3283 × 10 (up to 2%). The accurate description of Hydrogen and Deuterium recombination is the most important thing. The effect of uncertainties in determination of the number of neutrino species as well as of the Deuterium and Helium fractions from the Planck satellite data are marginal (uncertainties of abundances 0.5%).
After the end of Dark Ages epoch and the beginning of Cosmic Dawn (z < 30) it is necessary to take into account the reionization of the medium, but the ambiguities in theoretical description of this process do not allow to obtain sufficiently accurate number densities of ions and primordial molecules.
A Number densities of molecules during the equilibrium recombination
At the stage of equilibrium recombination of Hydrogen, Deuterium and Helium from the equations (1) and the condition 
